Introduction
Water fennel (Oenanthe javanica D.C), locally called water dropwort or water fennel, is a biennial aquatic plant of the Apiaceae family that is widely cultivated in the Yangtze River area of China, and in east Asia in Japan, India, Vietnam, and Korea. Recently, water fennel was also introduced into Italy and other European countries (1) . The edible part of water fennel is the stem, which is rich in chlorophyll, crude protein, vitamins, and dietary fiber, and minerals, including iron, calcium, and phosphorus (2) . Dietary consumption of water fennel can reduce blood pressure, enhance body immunity, and prevent cardiovascular diseases (3, 4) .
Fresh-cut vegetables, also known as minimally processed vegetables, can meet the needs of a modern fast-paced life due to freshness, healthfulness, and ready-to-cook features (5) . In southern China, fresh cut water fennel has gradually appeared in city markets. However, commercially use of water fennel is greatly limited due to storage intolerance. After processing, water fennel has a high water content that maintains life activities. During storage and transportation, general deterioration of fresh-cut water fennel involves degradation of chlorophyll and formation of lignin (6) . Consequently, color, flavor, texture, and health-promoting effects are negatively influenced. The process of chlorophyll degradation is closely associated with the enzymes chlorophyllase, Mg-dechelatase, and chlorophyll-degrading peroxidase (7) . Phenylalanine ammonia-lyase (PAL) is a key enzyme related to the first step of lignin biosynthesis (8, 9) . Therefore, maintenance of a green color and reduction of lignification can be achieved via inhibition of the activities of enzymes in fresh-cut water fennel during storage.
Several techniques have been used for retardation of chlorophyll degradation in vegetables during storage, including 1-methylcyclopropene application on parsley leaves (10), UV-C irradiation of Chinese Kale (11), and 6-benzylaminopurine (6-BA) (12) and heat treatments of broccoli florets (13) . These treatments all inhibit enzyme activities involved in chlorophyll degradation. Ozone solution dipping (14) , a calcium lactate treatment (15) , and 6-BA can reportedly effectively inhibit lignification of fresh-cut green asparagus, lettuce, and Zizania latifolia, respectively. However, up to now, no additional methods have been applied for inhibition of chlorophyll degradation of freshcut water fennel.
Salicylic acid is reportedly linked to oxidative stress responses, which can inhibit lignification of many fruits (16) . Nevertheless, whether salicylic acid acts as a component of complex solutions or as a single component solution when used alone, salicylic acid is rarely used for fresh maintenance of vegetables. Calcium lactate can inhibit lignification and a complex solution containing zinc acetate reportedly extended the shelf life of Chinese jujube fruits (17) . Packaging is a convenient and effective approach for retaining the quality of products like meat, fish, fruits, and vegetables (18) . Zhu et al. (19) observed that packaging significantly inhibited chlorophyll degradation in spinach and celery, perhaps due to reduction in respiration caused by packaging. In this study, treatment of fresh-cut water fennel with a novel complex chemical solution consisting of calcium lactate, zinc acetate, and salicylic acid was used for an investigation of effects on chlorophyll degradation and lignification. The effect of packaging together with the complex solution was also evaluated.
Materials and Methods
Plant material Fresh water fennel was harvested at the mature stage from farmland in Nanjing, China in October of 2014 and immediately transported to the laboratory of College of Food Science and Technology, Nanjing Agricultural University. Plants of uniform size and color with no visual defects were selected and cooled with ice water for 20 min to reach a central temperature of 2±0.5 o C after rinsing with precooling water. Vegetables air-dried with a blowing machine (FH6251; FLYCO, Shanghai, China) were then cut into slices of 0.61±0.12 cm in diameter and 15.5±1.5 cm in length using a sharp stainless steel knife. Color measurement Superficial vegetable color was evaluated using a Model CR-400 colorimeter (Minolta, Osaka, Japan) based on measurement of L* and a* values at 6 stem positions for each treatment, directly.
Complex chemical solution treatment
Lignin content determination Lignin amounts were gravimetrically determined following the methods of Luo et al. (8) and results were expressed as percentages.
PAL activity assay PAL activity trials were conducted as described previously (8) . One unit (U) of PAL activity was defined as the amount of enzyme that resulted in an increase in absorbance of 0.01 at 290 nm in 1 h under test conditions (UV/vis spectrophotometer, UV-2802; UNICO, Dayton, NJ, USA).
Determination of total chlorophyll, chlorophyll a and b contents
Chlorophyll concentrations were determined following Lichtentaler (20) with modification. A 5 g water fennel was ground using a mortar and subjected to extraction using 25 mL of 95% ethanol, then was centrifuged at 10,000×g for 15 min at 4 o C (GL-20G-II; Shanghai Anting Scientific Instrument Factory, Shanghai, China). The supernatant was used for determination of the chlorophyll content at 665 and 649 nm (UV/vis spectrophotometer, UV-2802; UNICO), and the chlorophyll content was expressed as mg/g of fresh weight (FW).
Determination of chlorophyll-degrading enzyme activities
Chlorophyllase, Mg-dechelatase, and chlorophyll-degrading peroxidase were extracted following the methods of Fukasawa et al. (21) Acetone tissue powder (500 mg) was suspended in 8 mL of an 8 mmol/L phosphate buffer at pH 7.0 for chlorophyll-degrading peroxidase, or in 8 mL of an 8 mmol/L phosphate buffer at pH 7.0 containing 50 mmol/L KCl and 0.24% Triton X-100 for chlorophyllase and Mg-dechelatase. Crude enzyme extracts were stirred for 1.5 h at 4 o C (Table concentrator, Changzhou Guohua Electric Appliance Co., Ltd., Changzhou, China), and centrifuged at 12,000×g for 25 min at 4 o C (GL-20G-II; Shanghai Anting Scientific Instrument Factory). Supernatants were collected for enzyme activity determinations. Chlorophyllase activity: The chlorophyllase activity was determined as described by Amir-Shapira et al. (22) with modification. The reaction mixture consisted of 0.5 mL of an enzyme solution, 0.1 mL of 1.4% (v/v) Triton X-100, 0.2 mL of an 80 µg/mL chlorophyll a acetone solution, and 0.5 mL of a 0.1 mol/L phosphate buffer at pH 7.0. The mixture was incubated (Incubator, Changzhou Guohua Electric Appliance Co., Ltd.) under darkness at 25 o C for 30 min, then the reaction was stopped using addition of 4 mL of acetone. Remaining chlorophyll was extracted using 4 mL of hexane and assayed based on the absorbance value at 663 nm (UV/vis spectrophotometer, UV-2802; UNICO). Enzyme activity was expressed as an increment of optical density in the hydrophilic phase at 663 nm per min under specified conditions. Mg-dechelatase activity: Mg-dechelatase activity determinations were carried out following a modified method of Suzuki and Shioi (23) . The reaction solution contained 0.5 mL of a 50 mmol/L Tristricine buffer at pH 8.0, 0.3 mL of 100 µM chlorophyllin a, 0.4 mL of 1% Triton X-100, and 0.5 mL of crude enzyme solution. The activity was measured at 35 o C based on reading a change in absorbance value at 686 nm. The Mg-dechelatase activity was expressed as an absorbance value increment at 686 nm per min under test conditions.
Chlorophyll-degrading peroxidase activity: The chlorophylldegrading peroxidase activity was measured following a modification of the method reported by Yamauchi et al. (24) . The reaction mixture contained a 100 mmol/L phosphate buffer at pH 5.5, 0.1% Triton X-100, a 20 µg/mL chlorophyll a acetone solution, 5.0 mmol/L pcoumaric acid, 0.3% hydrogen peroxide, and a crude enzyme solution in a total volume of 3.3 mL. The enzyme activity was assayed based on measurement of a decrease in absorbance value at 668 nm at 30
Statistical analysis Data were expressed as a mean±standard deviation (SD) of 3 replications (n=3). SPSS 18.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. Duncan's multiple-range test was used at p<0.05 for significance.
Results and Discussion
Changes in fresh weight During storage, fresh weights of all water fennel decreased constantly (Fig. 1) . The weight of complex solutiontreated water fennel was significantly (p<0.05) higher than for the controls. Packaging also had a positive effect on the fresh weight as it retained the complex solution in treated and packaged water fennel.
Changes of surface color and total chlorophyll contents L* and a* values in control and treatment water fennel both increased during storage ( Fig. 2A and 2B) . However, values for complex solutiontreated water fennel were significantly (p<0.05) lower than for controls. Packaged water fennel maintained significantly (p<0.05) lower L* and a* increases than unpackaged.
Total chlorophyll contents in all water fennel decreased continuously during storage (Fig. 2C) . Complex solution treatments delayed loss of chlorophyll and retained significantly (p<0.05) higher chlorophyll contents than controls after storage for 5 days packaging with polypropylene plastic bags further retarded chlorophyll degradation in comparison with no packaging. At the end of storage, the chlorophyll content of complex solution treated-combined packaged water fennel was 57.1% of the initial value for fresh water fennel. Chlorophyll contents of complex solution-treated and unpackaged, and control water fennel, were 50.6 and 43.6%, respectively, of initial values.
During storage of post-harvest green plants, the most obvious characteristic of senescence is tissue yellowing caused by chlorophyll degradation, causing color change (11, 25) . In this study, yellowing of fresh-cut water fennel occurred after storage for 5 days, when the total chlorophyll content began to decrease significantly (Fig. 2C) . The decrease in total chlorophyll content paralleled increases in L* and a* values with a significant negative correlation. Thus, the color of water fennel was closely related to the total chlorophyll content, consistent with a report of Chairat et al. (11) , except for the difference that the H value was measured. However, Costa et al. (12) reported that chlorophyll degradation occurred before visible color change in broccoli florets. Differences can be attributed to plant species, storage conditions, and seasons (25) . Chlorophyll a and chlorophyll b contents both decreased continuously during storage, while the decrease rate of chlorophyll a was higher than for chlorophyll b, consistent with previous reports (12) .
Changes in chlorophyll a and b contents Chlorophyll a contents in 3 water fennel all decreased with storage time (Fig. 3A) . After treatment with the complex solution, the retention rate of chlorophyll a increased significantly (p<0.05), compared with controls. The content of chlorophyll a after 20 days storage was 60.6% of the initial value for complex solution-treated and packaged water fennel, 53.0% for complex solution treated without packaging, and 44.1% for controls. Packaging significantly (p<0.05) delayed loss of chlorophyll a, compared with controls.
A similar trend of decrease was also detected for chlorophyll b (Fig. 3B) . The chlorophyll b content in complex solution treated water fennel was significantly (p<0.05) higher than for controls after the first 10 days of storage There was no significant (p>0.05) difference during the late storage period after 15 and 20 days. Packaging presented no effects on chlorophyll b contents as packaged and unpackaged water fennel maintained the same level during the whole storage period with no significant (p>0.05) differences.
Chlorophyll degradation begins with removal of phytol to form chlorophyllides, which are still green, catalyzed by chlorophyllase (22) . Then, elimination of Mg 2+ from chlorophyllides is induced by
Mg-dechelatase to form pheophorbide, where the green color is lost. Finally, pheophorbide is decomposed to fluorescent chlorophyll catabolites, which is colorless, via red chlorophyll catabolism by both Pheide a oxygenase and red chlorophyll catabolite reductase (7). Yamauchi et al. (26) suggested that chlorophyll-degrading peroxidase is also involved in chlorophyll degradation during the first step of chlorophyll a oxidation into 13 2 -hydroxychlorophyll a. Chlorophyll degradation in spinach leaves is mainly regulated by chlorophyll- Fig. 1 . Weight changes in fresh-cut water fennel during storage. Different letters represent significant differences at p<0.05 for the same storage time.
degrading peroxidase (27) . Herein, the total chlorophyll content (Fig.  2C ) of chlorophylls a and b (Fig. 3) decreased constantly, perhaps related to chlorophyll enzymes, such as chlorophyllase, Mgdechelatase, and chlorophyll-degrading peroxidase (7).
Changes in chlorophyllase, Mg-dechelatase, and chlorophylldegrading peroxidase activities The chlorophyllase activity of control water fennel increased significantly (p<0.05) during the first 15 days of storage, compared with controls, then decreased afterwards (Fig. 4A) . The chlorophyllase activity of complex solutiontreated without packaging water fennel increased slowly throughout the storage period but still significantly (p<0.05) lower than for controls. After complex solution-treatment and subsequent packaging, water fennel chlorophyllase exhibited a low activity that was significantly (p<0.05) lower than for the other two groups.
The activity of Mg-dechelatase increased throughout senescence for both the control and treated water fennel (Fig. 4B) . Similar to chlorophyllase, the activity of Mg-dechelatase in complex solutiontreated water fennel was lower level than in controls during storage. Packaging further significantly (p<0.05) inhibited an increase in Mgdechelatase activity after stored for 10 days, compared with controls.
The chlorophyll-degrading peroxidase activity initially increased, then decreased during storage where a peak value was detected on the 15th day of storage (Fig. 4C) . When water fennel was treated with the complex solution, the chlorophyll-degrading peroxidase activity was significantly (p<0.05) lower than for controls. This kind of activity inhibition was further enhanced by packaging.
Activities of chlorophyllase, Mg-dechelatase, and chlorophylldegrading peroxidase increased gradually during the first 15 days of storage (Fig. 4) and, thus, during the first 15 days, these 3 enzymes were all involved in chlorophyll degradation of water fennel. Chlorophyllase is considered to be latent with an activity that usually does not increase during senescence in most plants (7), and even declines (28) . However, this study found that chlorophyllase activity in fresh-cut water fennel increased during storage. An increase in chlorophyllase activity was also previously reported in barley (29) and spinach (27) , perhaps due to different plant species and organs studied. The Mg-dechelatase activity was negatively correlated with the total chlorophyll content in agreement with previous findings in broccoli florets (12) . However, in Chinese Kale, the activity of Mgdechelatase initially increased, then decreased (11) . Thus, Mgdechelatase plays different roles in chlorophyll degradation of different plant species.
Chlorophyll-degrading peroxidase possibly mediates chlorophyll degradation via catalyzing oxidation of a phenolic compound with the help of hydrogen peroxide, which finally degrades chlorophyll to a colorless compound (30) . Hence, chlorophyll-degrading peroxidase is associated with lignification since lignification begins with oxidation of phenolics (9) . In this study, there was a significant positive correlation between the water fennel lignin content and chlorophyll-degrading peroxidase activity for the first 15 days (r=0.986, p<0.05). The chlorophyll-degrading peroxidase activity increased during the yellowing of broccoli florets (13) , and initially increased then subsequently decreased afterwards in Chinese Kale (11) . Herein, for water fennel, the chlorophyll-degrading peroxidase activity exhibited a pattern of change similar to Chinese Kale, where a peak value was detected after 15 days of storage. These differences are related to plant species and to storage time. Broccoli florets and Chinese Kale were stored for 4 days and 8 days, respectively, while water fennel was stored for 20 days.
Changes of lignin content and PAL activity The lignin content of control water fennel increased during storage with an approximate 188.3% increase within 20 days (Fig. 5A) . Complex solution treatment inhibited formation of lignin, while this inhibition effect was reinforced when water fennel was subsequently packaged. After storage for 20 days, the lignin content of complex solution treated and packaged samples was only 13.5%, whereas the unpackaged content was 21.0%.
The PAL activity exhibited the same trend as lignin with no significant (p>0.05) difference between complex solution-treated and control groups during the first 5 days of storage (Fig. 5B) . After storage for 10 days, the PAL activity of water fennel treated with the complex solution was significantly (p<0.05) lower than for controls. Besides, the increasing rate of PAL activity was effectively slowed by packaging. The PAL activity of complex solution-treated and subsequently packaged water fennel at 20 days of storage was just 25.3% of the control value.
Water fennel has high water content for maintenance of life activities during storage, resulting in lignification and lignin accumulation (Fig. 5A) . The first step in lignin biosynthesis is conversion of phenylalanine to trans-cinnamic acid in the phenylpropanoid pathway catalyzed by PAL (8, 9) . Evidences has shown a close relationship between PAL activity and lignin biosynthesis (8) . In this study, lignin accumulation paralleled an increasing PAL activity with a highly positive correlation (r=0.958, p<0.05). The novel complex solution decreased the PAL activity and the lignin content of water fennel (Fig. 5) attributed to salicylic acid in the complex solution. Salicylic acid is a simple phenolic compound that is widely present in plants that can activate plant anti-oxidant and anti-aging systems, resulting in inhibition of lignification (31) . A salicylic acid treatment suppressed the PAL activity of loquat fruit and reduced the content of lignin (32) .
In conclusion, complex chemical solution treatment and subsequent packaging delayed chlorophyll degradation of fresh-cut water fennel via inhibition of the activities of chlorophyllase, Mg-dechelatase, and chlorophyll-degrading peroxidase. Treatments also effectively decreased the PAL activity and, thus, retarded accumulation of lignin. Besides, other nutritional qualities, such as crude protein, vitamins and dietary fiber contents, were retained. Therefore, a complex solution can be a useful method for maintaining post-harvest quality of fresh-cut water fennel during storage.
